Introduction
Th1-type cytokines (IFN-␥ and IL-2) promote inflammatory responses to injury by activation of leukocytes, opsonization, and phagocytosis (1) . In contrast, Th2-type cytokines (IL-4, IL-5, IL-6, IL-10, and IL-13) are believed to exert antiinflammatory effects by their ability to suppress macrophage activation, provide B cell help, and downregulate Th1-type cytokine production (1) . In transplantation, previous descriptive studies have shown various Th1/Th2-type responses. We observed a mixed Th1/Th2-associated response with high IFN-␥ (Th1), IL-4, and IL-10 (Th2) transcript levels in long-surviving allografts (2) . Others have shown the presence of Th1-type cytokines in rejecting grafts, and expression of Th2-type cytokines with low levels of Th1-type cytokines in long-surviving grafts (3) (4) (5) (6) (7) (8) . Functional data supporting the concept that Th2 cells may promote graft acceptance has been more controversial (9) . For example, acute cardiac rejection can occur at the same rate after transfusion of either polarized Th1 or Th2 cells into SCID recipients (9) . The availability of gene knockout mice has now allowed exploration of the functional role of individual cytokines in transplant rejection. There are reports showing that acute rejection develops in heart allografts in nonimmunosuppressed IFN-␥ Ϫ / Ϫ , IL-12 Ϫ / Ϫ (which regulates Th1 differentiation), and IL-4 Ϫ / Ϫ recipients (10) (11) (12) .
The purpose of this study was to investigate the effects of IFN-␥ , IL-4, or IL-10 gene deletion in immunosuppressed cardiac allografts. We used a heterotopic, vascularized heart transplant model with MHC class I and II mismatches between donor and wild-type or gene knockout recipients. A 30-d-course of T cell-depleting mAb was used to delay the onset of rejection and to produce long-surviving allografts. The three knockout recipient environments, devoid of immunoregulatory cytokines, IFN-␥ , IL-4, and IL-10, were evaluated by comparing cardiac allograft survival, histologic outcome, and T cell and macrophage activation.
Methods
Murine cardiac transplantation. CBA/CaJ (H-2 k ) or BALB/cByJ (H-2 d ) donors depending on availability were used for heterotopic cardiac transplantation (13, 14) into C57BL (H-2 b ) recipients that were either wild-type (CBA to C57BL/6J, n ϭ 11; BALB/c to C57BL/6J, n ϭ 8) or had targeted gene disruption in IFN-␥ (C57BL/6J, n ϭ 10) (15), IL-4 (C57BL/6J, n ϭ 10) (16), or IL-10 (C57BL/10j, n ϭ 10) (17) . Isograft controls included IFN-␥ Ϫ / Ϫ ( n ϭ 7), IL-4 Ϫ / Ϫ ( n ϭ 6), and IL-10 Ϫ / Ϫ ( n ϭ 5). All mice were purchased from Jackson Laboratories (Bar Harbor, ME). The targeted gene disruption was confirmed using triple PCR assays that amplify a portion of the neomycin cassette and a portion of the targeted exon as recommended by Jackson Laboratories (www.jax.org). To attenuate acute rejection, we treated recipients with mAb against CD4 (clone GK1.5, rat IgG2b; American Type Culture Collection, Rockville, MD) and CD8 (clone 2.43, rat IgG2b; American Type Culture Collection) at the dose of 500 g for each mAb per injection for days 1-4 after transplantation, and weekly thereafter for 30 d. We have previously shown Ͼ 94% depletion of CD4 ϩ and CD8 ϩ cells during this treatment (2) . Previous time course analysis by flow cytometry has shown that 80% of the CD3 ϩ and CD4 ϩ cells repopulate 40 d after last mAb injection (18) , whereas others have shown that the capacity to reject allografts returns with 28 d of ceasing mAb treatment (19) .
Grafts were harvested when the palpation score was Ͻ 1 (13) or when the grafts had reached 100 d after transplantation. When one of these endpoints was achieved, hearts were harvested (ranging 37-133 d after transplantation). Transverse sections of grafts were processed for histologic evaluation, or snap-frozen for RNA extraction as previously described (2) .
Histological analysis. The degree of acute rejection was evaluated and graded from paraffin sections using coded samples evaluated by two observers forming a consensus opinion. A modification of the International Society for Heart and Lung Transplantation (ISHLT) criteria was used (20) . The scale was from 0 to 4, where 0 stands for no rejection, 1 for mild focal (A) or diffuse (B) perivascular and interstitial infiltration with no parenchymal necrosis, 2 for moderate, unifocal infiltration with/without focal myocyte injury, 3 for moderate multifocal (A) or diffuse (B) infiltration with myocyte injury, and 4 for severe rejection with aggressive, diffuse infiltration, edema, myocyte necrosis, hemorrhage, and vasculitis. To assess mean values for each group, 1B and 3B scores were calculated as 1.5 or 3.5, respectively.
Reverse transcriptase PCR (RT-PCR).
1 To measure relative differences in transcript levels between cardiac transplants, we used a semiquantitative 32 P-RT-PCR technique published in detail previously (2, 21, 22) . Modifications included dilution of cDNA (1:1) with sterile water before PCR, and hot start was performed using AmpliTaq Gold DNA polymerase (Perkin Elmer, Foster City, CA) instead of AmpliTaq DNA polymerase (23). The specificity of IL-4 and IFN-␥ primers was increased by using the touchdown PCR technique (24) , which included a gradual decrease in the annealing temperature from 70 Њ C to 60 Њ C over ten cycles, and an additional 22-28 cycles thereafter at an annealing temperature of 56 Њ C. Accession numbers, primer sequences (5 Ј → 3 Ј ), annealing temperatures, and number of cycles for IL-2, iNOS, MCP-1, and AIF-1 were as published earlier (2) . PCR amplification with the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) housekeeping gene was performed to assess variations in cDNA or total RNA loading between samples. The mean was obtained from triplicate analyses from the same sample. Corrected values were derived by dividing the measured 32 P value for the transcript of interest by the mean G3PDH value for the sample. To estimate activation level of T cells, T cell cytokines, IL-2, IL-4, and IFN-␥ , transcript levels were normalized against CD3 transcripts by taking the ratio of cytokine to CD3 .
Immunohistology. The presence of cytokine gene products upregulated at the transcript level was demonstrated by immunostaining using the method of Andersson and Andersson (25) . In brief, frozen sections ( n ϭ 2-3/group) were fixed in fresh 4% paraformaldehyde and washed with 0.1% vol/wt saponin in PBS and 0.01% sodium azide. Endogeneous peroxidase activity was blocked by incubating the slides in 1% H 2 O 2 in PBS. Normal rabbit serum (10%) was used for blocking. Appropriate primary rat anti-mouse antibodies (anti-IL-2, clone S4B6; PharMingen, San Diego, CA), anti-IL-10 (clone JES5-16E3, PharMingen), anti-IFN-␥ (clone R4-6A2, PharMingen) and TNF-␣ (clone XT-22, PharMingen) were added at an end concentration of 5-10 g/mL and incubated overnight at 4 Њ C. Bound primary antibody was detected using a secondary antibody rabbit anti-rat IgG (Vector Laboratories, Inc., Burlington, CA) followed by application of avidin-biotin complex (Vector Laboratories) according to manufacturer's instructions. Horseradish peroxidase label was detected using an AEC kit (Vector Laboratories), and sections were counterstained with Mayer's hematoxin. Negative controls included omission of primary antibody, use of an irrelevant antibody, and staining of tissue sections from corresponding knockout animals (IFN-␥ and IL-10) that were all negative.
Statistical analysis. All data are given mean Ϯ SD per subgroup. The product limit (Kaplan-Meier) estimate of the cumulative survival was assessed with a Breslow-Gehan-Wilcoxon test to evaluate significant differences in graft survival (26) . The PCR data was subjected to multiple analysis of variance without replication (StatView 4.5; Abacus Concepts, Inc., Berkeley, CA). If the multiple analysis of variance was significant, individual comparisons were made by the Student's t test, and the level of significance was corrected by the Bonferroni method (27, 28) .
Results
Murine model of attenuated allograft rejection. Mouse strain combinations with both MHC class I and II mismatches were selected to simulate the high degree of mismatch seen in human cardiac transplants. A 30-d course of anti-CD4 and anti-CD8 mAb was used to attenuate acute rejection. There was no significant difference in graft survival ( Fig. 1 ) in the two different wild-type strain combinations, i.e., BALB/c to C57BL/6J and CBA to C57BL/6J (99 Ϯ 26 vs. 87 Ϯ 32 d, respectively, P ϭ 0.298). Here, suboptimal levels of immunosuppression allowed the development of interrelated processes that can lead to contractile failure in long-term allografts. There were no obvious histological differences in the responses seen in allografts that included mononuclear cell infiltration, myocyte necrosis, edema, fibrosis and vascular narrowing or occlusion (Fig. 2) .
Graft survival in IFN-␥ Ϫ/Ϫ recipients. Graft survival times for CBA to C57BL/6J grafts after the 30-d course of anti-CD4 and anti-CD8 mAb, ranged from 51 to 133 d (mean, 87Ϯ32 d, median, 71 d; n ϭ 11) in wild-type recipients and from 37 to 101 d (mean 62Ϯ19 d, median 54 d; n ϭ 10) in IFN-␥ Ϫ/Ϫ recipients ( Fig. 1 A) . Thus, IFN-␥ Ϫ/Ϫ recipients had lower graft survival times compared with wild-type controls. Only 10% of the grafts in IFN-␥ Ϫ/Ϫ recipients survived Ͼ 100 d, compared with 36% of the wild-type controls (P Ͻ 0.05). All IFN-␥ Ϫ/Ϫ isografts (n ϭ 7) survived indefinitely.
Graft survival in IL-4 Ϫ/Ϫ and IL-10 Ϫ/Ϫ recipients. Deletion of Th2-type cytokines was studied in BALB/c to C57BL strain combinations using either wild-type, IL-4 Ϫ/Ϫ, or IL-10 Ϫ/Ϫ recipients. Survival (Fig. 1 B) of BALB/c grafts in wildtype controls ranged from 70 to 126 d (mean 99Ϯ26 d, median 101 d, n ϭ 8). Grafts in IL-4 Ϫ/Ϫ recipients survived from 53 to 120 (mean 94Ϯ24 d, median 94 d; n ϭ 10, P ϭ NS). In fact, mean survival time for grafts in IL-4 Ϫ/Ϫ recipients was comparable to wild-type controls. In contrast, BALB/c hearts placed in IL-10 Ϫ/Ϫ recipients showed significantly shorter graft survival ranging from 46 to 58 (mean 55Ϯ4 d, median 57 d, n ϭ 10, P Ͻ 0.0001). All isografts (IL-4 Ϫ/Ϫ, n ϭ 6, IL-10 Ϫ/Ϫ, n ϭ 5) survived indefinitely. Hence, donor hearts placed into recipients with targeted gene deletion in IL-10 but not in IL-4, had significantly decreased survival time. This result suggested that IL-10 is required for long-term survival of cardiac allografts in 30-d course immunosuppressed recipients.
Histologic evaluation. Fig. 2 depicts representative histologic sections from cardiac transplants placed in various knockout or wild-type recipients. Allografts in all groups showed diffuse mononuclear cell infiltration, variable degrees of interstitial edema, patchy areas of necrosis, occasional hemorrhage, scattered fibrosis, and prominent arterial luminal occlusion. Within a single graft, areas of severe destruction were visible next to mildly affected areas, demonstrating the patchy nature of the rejection process throughout the cardiac allograft. Isografts had no rejection, as expected for inbred mouse strains. ISHLT rejection scores for each graft are summarized in Table I . The severity of acute rejection in IL-10 Ϫ/Ϫ Figure 1 . Cardiac graft survival in recipients with targeted deletions in IFN-␥, IL-4, and IL-10. A shows graft survival in the CBA to C57BL/6J model. There was a small but significant (P Ͻ 0.05) decrease in graft survival in IFN-␥ Ϫ/Ϫ when compared with wild-type mice. B shows graft survival in the BALB/c to C57BL/6J model. There was no difference in graft survival in IL-4 Ϫ/Ϫ mice, but IL-10 Ϫ/Ϫ recipients rejected cardiac allografts at an accelerated pace; P Ͻ 0.0001. There was no significant difference in graft survival in these two different strain combinations. All isografts survived indefinitely (Ͼ 100 d). Number of the animals (n) is shown for each group. Figure 2 . Histology of murine cardiac transplants. Allografts in all groups showed severe mononuclear cell infiltration, variable degrees of interstitial edema, patchy areas of necrosis, fibrosis (typical of resolving rejection), and prominent arterial luminal occlusion. Tissue destruction appeared to be worse in IL-10 knockout (KO) recipients, whereas the density of inflammatory cells seemed to be greater in IL-4 KO recipients when compared with BALB/c controls. All isografts (only IL-4 KO isograft shown) had preserved myocardial structure with few infiltrating cells and no vascular thickening (hematoxin and eosin staining, original magnification 100ϫ). recipients appeared to be worse when compared with wildtype controls. Grafts from IL-10 Ϫ/Ϫ recipients had more myocyte destruction with interstitial widening, and hemorrhage consistent with more accelerated parenchymal rejection. There were, however, no significant differences in acute rejection scores (3.8Ϯ0.3 versus 3.0Ϯ0.9, respectively; P ϭ 0.021). In the setting of IL-4 deletion, the density of infiltrating cells within the grafts appeared higher, but ISHLT scores were similar in IL-4 Ϫ/Ϫ and wild-type recipients (3.5Ϯ0.7 vs. 3.0Ϯ0.9, P ϭ 0.13). The modified ISHLT scale typically used on endomyocardial biopsies is probably insensitive to differences in the degree of infiltration in the whole graft sections. Taken together, isolated deficiencies in the cytokines did not prevent development of graft failure, but qualitatively altered some of the histologic manifestations of rejection. Examination of graft histology at earlier time points is likely to disclose more prominent differences associated with the role of these cytokines in early alloimmune injury.
Inflammatory activation patterns in IFN-␥ Ϫ/Ϫ recipients. To compare inflammatory activation patterns, we measured mean corrected transcript levels of cytokines and monokines in a series of grafts using semiquantitative 32 P-RT-PCR assays. Immunoperoxidase staining was used to confirm the presence of the gene product. Analyses of CBA-transplanted hearts comparing wild-type with IFN-␥ Ϫ/Ϫ C57BL/6J recipients are shown in Fig. 3 . T cell infiltration, estimated using CD3 transcript levels, was similar in both IFN-␥ Ϫ/Ϫ and wild-type recipients. As expected, mean transcript levels for IFN-␥ were high in wild-type allografts, and barely detectable in IFN-␥ Ϫ/Ϫ recipients. In contrast, IFN-␥ Ϫ/Ϫ recipients demonstrated significant increases in IL-2 transcript levels when compared with both isografts or wild-type controls (P Ͻ 0.008). Representative immunostaining confirmed the presence of the IL-2 gene product in grafts from IFN-␥ Ϫ/Ϫ recipients. IL-2 antigen was typically found within the thin cytoplasmic rims of small mononuclear cells with T cell morphology as shown in Fig. 4 A. In the IFN-␥ Ϫ/Ϫ group, there was a large variation in IL-12 and IL-4 transcripts, as illustrated by scattergram of individual animals without significant difference. IL-10 transcripts were similar in both IFN-␥ Ϫ/Ϫ and wild-type recipients. IFN-␥ Ϫ/Ϫ isografts had lower transcript levels of IL-4 and IL-10 (P Ͻ 0.02) than did either allograft group.
Analysis of the monokine transcript levels showed three different patterns in the face of IFN-␥ deletion: decreased, increased, and unaltered expression. The two IFN-␥ inducible monokines, AIF-1 (29) and iNOS, were significantly lower in IFN-␥ Ϫ/Ϫ recipients than in wild-type animals (P Ͻ 0.0001 for both). MCP-1, which is regulated by multiple pathways (30), was significantly higher in IFN-␥ Ϫ/Ϫ recipients (P Ͻ 0.003), while TNF-␣ produced by both T cells and macrophages showed an unaltered transcript pattern when compared with wild-type, similar to that seen for CD3.
Inflammatory activation patterns in IL-4 Ϫ/Ϫ and IL-10 Ϫ/Ϫ recipients.
To study whether macrophage activation was attenuated in the setting of Th2-type cytokine deficiencies, we compared intragraft mRNA levels for BALB/c transplants placed in wild-type C57BL/6J controls with IL-4 Ϫ/Ϫ and IL-10 Ϫ/Ϫ recipients (Fig. 5) . Three patterns became apparent: levels for IL-12, AIF-1, and MCP-1 were similar in either knockout recipient group when compared with the wildtype group. In IL-10 Ϫ/Ϫ recipients, iNOS transcript levels were significantly higher when compared with the other two groups (P Ͻ 0.002), while levels for TNF-␣, known to be downregulated by IL-4, were significantly higher in IL-4 Ϫ/Ϫ recipients. The presence of the TNF-␣ gene product was confirmed both by immunostaining and by the antigen localized within the surrounding cytoplasm of larger mononuclear cells with monocyte/macrophage morphology (Fig. 4 B) .
CD3 transcript levels were significantly higher in IL-4 Ϫ/Ϫ animals when compared with wild-type controls and IL-10 (P Ͻ 0.004), suggesting an increase in T cell infiltration (Fig.  6 ). Intragraft IL-10 transcript levels were significantly higher in IL-4 Ϫ/Ϫ recipients when compared with the wild-type, and were barely detectable in IL-10 Ϫ/Ϫ recipients. Immunostaining (Fig. 4 C) confirmed the presence of the IL-10 protein in IL-4 Ϫ/Ϫ recipients. IL-10 localized predominantly to large mononuclear cells with abundant cytoplasm typical of monocyte/macrophages. IFN-␥ transcripts were variable, but appeared higher in both knockout groups. Only the increase in the IL-10 Ϫ/Ϫ group, however, reached significance (P Ͻ 0.02).
Given the high degree of T cell infiltration suggested by the increase in CD3 transcripts, we estimated cytokine production per T cell by normalizing against CD3 levels. This showed that IFN-␥ transcripts were 4.3 times higher in IL-10 Ϫ/Ϫ than in wild-type recipients (P Ͻ 0.002). The presence of IFN-␥-positive mononuclear cells throughout the cardiac tissue in IL-10 Ϫ/Ϫ recipients was confirmed by immunostainings (Fig.  4 D) . Similar patterns were seen for IL-2 and IL-4, but did not reach significance. This result suggested that the level of T cell activation was higher in the IL-10 Ϫ/Ϫ than in wild-type recipients. In the IL-4 Ϫ/Ϫ group, CD3-corrected levels for IFN-␥ and IL-2 transcripts were comparable to wild-type levels. Thus, grafts in the IL-4 Ϫ/Ϫ group had increased T cell infiltration, but these cells were less activated than those in the grafts from IL-10 Ϫ/Ϫ recipients.
Discussion
By concurrently evaluating isolated cytokine deletions of IFN-␥, IL-4, or IL-10, we show that the recipient environment in longsurviving cardiac transplants caused distinct graft modifications. Our major findings were that deletion of IL-10, or unexpectedly, IFN-␥, but not deletion of IL-4, significantly impaired allograft survival in this murine model where immunosuppression is used to attenuate rejection. Deletion of any of these cytokines changed responses to the allograft in a way that indicated that there were compensatory pathways activated in the absence of these cytokines. First, IL-10 is not required for rejection as demonstrated by the decline in graft function and prominent histologic changes in the grafts from IL-10 Ϫ/Ϫ recipients. Secondly, the accelerated rejection seen in the absence of IL-10 suggests that this cytokine may inhibit the immune responses that lead to graft failure, or even have a role in graft acceptance. To date, the role of IL-10 in transplantation has been controversial. The effects of systemic administration of IL-10 on graft survival after murine cardiac transplantation were inconclusive (31) or showed that IL-10 had a detrimental effect (32, 33) . Similarly, graft survival was not changed after intraperitoneal administration of IL-10 (32). Perhaps beneficial effects of IL-10 are only conferred if local concentrations in the graft environment are high. Along these lines, retroviral gene transduction of viral IL-10 prolonged graft survival from 12 to 39 d when injected directly into nonvascularized neonatal cardiac allografts (34) . This result is consistent with our finding that IL-10 may have a protective effect in allografts as deletion of IL-10-accelerated rejection. Direct transfer of viral IL-10 into the transplanted organ may have produced intragraft levels of IL-10 superior to those from intraperitoneal absorption or systemic delivery. Alternatively, the viral form of IL-10 may have superior immunosuppressive effects, given that retroviral introduction of murine IL-10 into neonatal grafts had no beneficial effect. Further studies reconstituting the various forms of IL-10 in the graft environment may resolve the important controversy of whether IL-10 has a protective role in transplantation.
The mechanism underlying the accelerated rejection we saw with IL-10 Ϫ/Ϫ recipients requires further exploration. One factor may be that the T cells that infiltrated the graft have a higher state or degree of activation. After T cell cytokine transcript levels were corrected for the level of CD3 transcripts, the elevation in IFN-␥ transcripts was greater in IL-10 Ϫ/Ϫ recipients. Analysis of selected factors has indicated some of the other potential mechanisms. For example, iNOS, an IFN-␥-inducible factor, was significantly higher in IL-10 Ϫ/Ϫ recipients. Nitric oxide-driven injury, associated with enhanced IFN-␥-mediated responses, may provide one possible explanation for the accelerated graft failure seen in IL-10 Ϫ/Ϫ recipients (35) . Taken together, our studies are the first to use mice with targeted gene deletion of IL-10 as a way of demonstrating that IL-10 attenuates the response leading to allograft rejection.
IL-4-driven Th2-like responses have been hypothesized to regulate long-term graft acceptance (36, 37) . While it is clear from our studies that IL-4 is not required for rejection, our findings have not completely addressed whether IL-4 actually promotes graft acceptance. One might expect that if IL-4 did promote graft survival, then in the absence of IL-4, graft survival should be shorter. Contrary to this expectation, we found that allografts placed in IL-4 Ϫ/Ϫ recipients had similar graft survival to wild-type recipients. The survival past 100 d in our grafts in IL-4 Ϫ/Ϫ recipients indicates that long-term graft acceptance can occur without IL-4. Our data extends the observation of Lakkis et al., that heart allografts in nonimmunosuppressed or murine CTLA4Ig-treated IL-4 knockout recipients show similar survival times compared to wild-type controls (12) . One possible explanation for the comparable survival times is that other Th2-associated cytokines like IL-5, IL-6, IL-10, or IL-13 may compensate for the lack of IL-4 in knockout animals. Indeed, we found significant upregulation of IL-10 in the face of IL-4 deficiency.
The observation that TNF-␣ transcripts were high in the absence of IL-4 provides in vivo support for the in vitro study of Szalay et al. (38) , demonstrating that IL-4 inhibits TNF-␣ production. The concurrent increases in TNF-␣ and CD3 transcripts in the IL-4 Ϫ/Ϫ recipients appear to be related, since TNF-␣ has been shown to promote inflammatory cell recruitment into tissues through selectins (39) . When T cell cytokine levels (IL-2 and IFN-␥) were normalized against the increase in CD3, they were similar to those of the wild-type group. Thus, elevated cytokine levels after G3PDH correction in the IL-4 Ϫ/Ϫ recipients may have reflected the degree of T cell infiltration rather than increased activation of the infiltrating cells. This result raises the possibility that IL-4 may suppress T cell infiltration.
In our studies, cardiac allografts in IFN-␥ Ϫ/Ϫ recipients receiving a 30-d course of immunosuppression, had a small but Figure 6 . Transcript analysis of inflammatory factors in IL-4 Ϫ/Ϫ and IL-10 Ϫ/Ϫ recipients. CD3 (*P Ͻ 0.004) and IL-10 (*P Ͻ 0.01) transcript levels (top) corrected with G3PDH were significantly higher in IL-4 Ϫ/Ϫ recipients when compared with wild-type, while IFN-␥ levels were higher in IL-10 knockout recipients (left, *P Ͻ 0.02). When corrected with CD3 transcripts (right), the increase in T cell cytokines in IL-4 Ϫ/Ϫ recipients returned to the level of wild-types, reflecting greater density of T cells in the allograft. Number of the animals (cDNAs) in each group: control, 5; IL-4 Ϫ/Ϫ, 8; IL-10 Ϫ/Ϫ, 7. Each bar represents meanϮSD for all grafts in each group. significant decrease in graft survival. This result is contrary to what might be predicted by the hypothesis that IFN-␥ mediates the injury, culminating in acute rejection. Our observations, however, are consistent with two recent reports showing accelerated cardiac graft failure in untreated or CTLA4Ig-treated IFN-␥ knockout recipients (10, 33) . Taken together, these results show that cardiac rejection can occur independently of IFN-␥, and that IFN-␥ may actually inhibit pathways that lead to graft failure.
The accelerated response to alloimmune stimulation parallels the unexpected early onset of collagen-induced arthritis in IFN-␥ R Ϫ/Ϫ mice (40, 41) . The mechanisms underlying the protective effects of IFN-␥ after these distinct types of immune injury deserve exploration. One possibility is that IFN-␥ regulates the cytokine cascade that contributes to the pathogenesis of diseases. Evidence for regulation includes the increase in IL-2 expression in the face of IFN-␥ or IFN-␥ receptor deficiency. For example, IL-2 protein levels in serum were higher in IFN-␥ R Ϫ/Ϫ when compared with those of wild-type mice in the collagen-induced arthritis model (41) . Similarly, in our analysis of grafts with attenuated rejection, intragraft IL-2 gene transcript levels are increased in recipients with IFN-␥ deficiency. This pattern was also present in untreated grafts placed in IFN Ϫ/Ϫ recipients using qualitative PCR analysis (10) . Taken together, it appears that IFN-␥ actions may be multifactorial with some injury-promoting and -protecting responses.
Here we also show that IFN-␥ selectively alters macrophage activation in vivo. There were three different transcript patterns produced by recipients with IFN-␥ gene deletion. IFN-␥-mediated monokine activation was reduced for AIF-1 and iNOS. In contrast, MCP-1 was increased. For the other monokines that we examined (IL-10, TNF-␣, IL-12), there were no apparent alterations. The increase in IL-2 transcripts and persistent but selective monokine expression may indicate potential alternative pathways mediating the alloimmune response that culminates in graft rejection in the absence of IFN-␥. The observed alterations in these macrophage effectors may have distinct functional consequences on the various processes involved in rejection. For example, the impaired graft survival may arise because a protective influence from a macrophage effector has been lost, while IFN-␥-activated macrophages may contribute to later phases of rejection leading to graft failure in our model. Hence, IFN-␥ may regulate the balance in macrophage-activating and effector forces in the cardiac allograft.
This study of individual targeted gene deletions for three cytokines commonly found in long-surviving allografts emphasizes the complex interrelated role of cytokines in the inflammatory network (42, 43) . For example, our results from grafts undergoing attenuated rejection in IL-4 Ϫ/Ϫ and IFN-␥ Ϫ/Ϫ recipients showed that compensatory pathways most likely play a key role in controlling rejection. Identifying these pathways will be crucial in developing combination therapy. In contrast, the results from IL-10 Ϫ/Ϫ recipients showed that it is possible to identify factors with primary, nonredundant roles. Thus, efforts to augment IL-10 levels within the graft may be of therapeutic value. Our studies using these knockout models provide a new way to dissect the functional contributions of individual cytokines to the various aspects of the alloimmune response. Such studies may help us to identify how to disrupt selectively the cytokine cascade to attenuate transplant rejection.
